ABSTRACT Here, we present a novel approach to visualize propagating surface plasmon polaritons through plasmon-exciton interactions between single gold nanowires and a thin film of a fluorescent polymer. A plasmon polariton was launched by exciting one end of a single gold nanowire with a 532 nm laser. The local near-field of the propagating plasmon modes caused bleaching of the polymer emission. The degree of photobleaching along the nanowire could be correlated with the propagation distance of the surface plasmon polaritons. Using this method of bleach-imaged plasmon propagation (BlIPP), we determined a plasmon propagation distance of 1.8 ( 0.4 µm at 532 nm for chemically grown gold nanowires. Our results are supported by finite difference time domain electromagnetic simulations.
O ne-dimensional metallic nanostructures such as nanowires (NWs), stripes, or nanoparticle chains are widely studied as potential optical waveguides. [1] [2] [3] [4] [5] [6] [7] [8] By coupling electromagnetic waves to collective electron oscillations in the metal known as surface plasmon polaritons (SPPs), 9 light can be guided over distances exceeding tens of micrometers and then emitted at the opposite end of the plasmonic waveguide. Critically important in the design of metallic waveguide structures is the minimization of radiative and nonradiative losses that cause reduced SPP propagation distances. The high crystallinity and smooth surfaces of chemically prepared silver NWs have been shown to drastically improve SPP propagation distances compared to lithographically fabricated structures. 1, [3] [4] [5] For this reason, NWs are promising as interconnects in integrated optical and electronic circuits.
Chemically grown gold NWs have in principle the same advantages as silver NWs, but gold is intrinsically more lossy, especially at optical frequencies. This makes it more difficult to accurately determine SPP propagation distances in gold NWs, especially if the NWs are longer than the SPP decay length. In contrast, for NWs shorter than the SPP propagation distance, excitation at one of the NW ends allows for photons to couple with SPP modes, which are then converted back into light at the opposite NW end as observed by far-field distal end emission. [3] [4] [5] Because the SPPs are also partially reflected at the NW ends creating Fabry-Perot type cavity resonances, 1, [10] [11] [12] the emitted light intensity by itself is however not a sufficient parameter for determining the SPP propagation distance. An alternate approach is to use multiple or variable input couplers positioned at different locations along the NW (e.g., sharp NW kinks, closely spaced nanoparticle antennas, or other waveguides) 3, 5, 13 but this requires precise control over the launch sites, which can often be difficult.
A different approach, which does not rely on the conversion of SPPs back into photons and hence is applicable to NWs much longer than the propagation distance, is to directly measure the plasmon-induced near-field. This has been accomplished using, for example, near-field scanning optical microscopy or photoemission electron microscopy. 1, 12, 14, 15 Although these are excellent techniques for mapping the SPP near-field intensity and propagation distance, lower resolution far-field detection can often be less expensive, easier to implement, and more straightforward to interpret. Taking advantage of energy transfer between the SPP field and fluorescent molecules, it has been shown that the optical near-field of SPPs can be visualized using far-field fluorescence microscopy. 16, 17 However, for short SPP propagation distances the fluorescence intensity due to direct laser excitation masks the much weaker signal originating from SPP excited fluorescence. In addition, a drawback of this method can be the irreversible photobleaching of the fluorescent probe. 16 Hence, it remains an important challenge to accurately measure the SPP decay in metallic NWs to address the needs in the fast growing field of plasmonic waveguiding.
Here, we introduce a far-field method that exploits the photobleaching of a thin film of fluorescent polymer coated on top of gold NWs. We demonstrate that the SPP near-field can be imaged through the bleaching of the polymer emission along the NW, thereby obtaining the SPP propagation distance. Because bleach-imaged plasmon propagation (BlIPP) does not rely on light emission at the distal NW end or input couplers along the NW, it can be applied to any plasmonic NW but is particularly suited to measure highly damped SPPs. In particular, we applied BlIPP to determine the SPP propagation distance in chemically grown gold NWs at 532 nm, where interband absorptions strongly damp the SPPs. In conjunction with simulations, we identified several higher order SPP modes with surprisingly long propagation distances. Figure 1A shows a confocal fluorescence image of a gold NW that has been coated with a 60 nm thick film of the fluorescent polymer MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]). Excitation was carried out with a circularly polarized 532 nm laser coupled into an inverted single-molecule microscope equipped with a scanning stage and an avalanche photodiode. The gold NWs used in this study had an average length and thickness of 6.1 µm and 400 nm, respectively. At a wavelength of 532 nm these NWs were too long to cause observable distal end emission due to SPP propagation. The NWs were chemically grown by fast side wise deposition of gold on presynthesized 30 nm wide NWs made by tip selective growth of purified pentahedrally twinned gold nanorods. 18 Casting the gold NWs onto plasma-cleaned glass coverslips at concentrations suitable for single NW measurements was then followed by spin coating the entire sample with a layer of MEH-PPV. See the Supporting Information for further details.
The gold NW in Figure 1A is visible because the fluorescence of the MEH-PPV is enhanced by the plasmonic nearfield compared to the background. [19] [20] [21] [22] Fluorescence enhancement near plasmonic nanoparticles depends strongly on the distance to the metal surface as at very close separations the fluorescence is instead quenched. 19, 23 Although the distance between the MEH-PPV film and the gold NW was not controlled, direct contact between MEH-PPV and the gold was avoided by the presence of the CTAB (cetyltrimethylammonium bromide) coating of the chemically prepared NWs. We calculated a fluorescence enhancement factor of 3 by taking the ratio of the background signal and the intensity at the center of the NW.
To investigate SPP propagation for the gold NW in Figure  1 , we first positioned the sample such that the laser was focused at the left NW end. After raising the laser power to 40 nW, the NW was exposed to continuous excitation with 532 nm light for 9 min, which was followed by acquiring a second fluorescence image at the initial power of 4 pW. As shown in Figure 1B , the fluorescence intensity of the MEH-PPV film decreased to about zero in a circular area around the left NW end, which can be assigned to photobleaching of the MEH-PPV due to direct photoexcitation by the 532 nm laser. However, a closer inspection of the fluorescence image in Figure 1B furthermore reveals that the MEH-PPV film was also photobleached along the NW, but in no other directions from the laser spot. To better visualize this effect, image Figure 1 panel B was subtracted from panel A, creating a difference image given in Figure 1C , where a higher intensity corresponds to a larger degree of MEH-PPV photobleaching.
The SPP near-field can be related to the photobleach intensity in Figure 1C . While the laser was focused on the NW end, SPPs were excited and propagated along the NW. The SPPs interacted with the MEH-PPV through plasmonexciton coupling. [24] [25] [26] The excitations in the MEH-PPV film then decay radiatively by fluorescence or through nonradiative channels, which include a small but significant yield of irreversible photochemical reactions permanently turning off the MEH-PPV fluorescence (photobleaching). The concentration of photobleached polymers as measured by the photobleach intensity is directly related to the rate of photobleaching and the spatial distribution of the incident excitation intensity, which is governed by the laser power, strength of the plasmonic near-field, and the exposure time.
The effect of the exposure time is illustrated in Figure  1D ,E, which shows the width averaged line sections along the major NW axis taken from the difference images after exposure times of 2 (panel D) and 9 (panel E) min. The photobleach intensity profiles consisted of contributions from the direct laser excitation at the left NW end and the indirect excitation of the MEH-PPV film through plasmonexciton interactions. Direct photobleaching by the laser was more efficient as can be seen from the complete bleaching of the MEH-PPV within the laser spot even for the shortest exposure time. In contrast, because of the much weaker indirect excitation of the MEH-PPV by the plasmonic nearfield, the degree of bleaching increased with time. As indicated by the arrow in Figure 1E , this can be seen by the offset in the photobleach intensity at the right NW end. A higher laser power had the same effect as a longer exposure time as the laser power determined the initial amplitude of the SPP modes (data not shown).
Assuming that the rate of MEH-PPV photobleaching as a function of incident intensity follows a first order decay process, the measured photobleach intensity along the NWs can be quantitatively described by considering the contributions from direct laser excitation and the SPP near-field. The laser intensity was modeled by a Gaussian profile and the damping of the SPPs along the NWs by an exponential function. 9 Details of this data analysis are given in the Supporting Information and yielded the same SPP propagation distance of 1.7 µm for the 2 and 9 min exposure times. The independence of the SSP propagation distance on the exposure time and the drop in photobleach intensity at the right NW end are furthermore consistent with the described plasmon-exciton mediated photobleaching mechanism.
To characterize the nature of the SPP modes in these gold NWs, we performed BlIPP experiments with excitation polarized parallel and perpendicular to the main NW axis as shown in Figure 2A ,B, respectively. The insets show the difference images for two NWs with similar lengths and the same exposure time of 8 min and laser power of 90 nW. The fluorescence enhancement was found to be independent of laser polarization (Supporting Information) and no further corrections were necessary. The fits to the experimental data in Figure 2A ,B give SPP propagation distances of 2.1 and 1.7 µm, respectively. The mean SPP propagation distances as obtained from a total of 20 NWs were 1.9 ( 0.4 and 1.7 ( 0.2 µm for parallel and perpendicular excitation, suggesting that the SPP propagation distance is only weakly dependent on the excitation polarization. However, a direct comparison of the fits shown in Figure 2C reveals that the amplitude of the SPP near-field is larger for excitation with parallel polarized light because of the larger offset in the photobleach intensity. These measurements demonstrate that although both longitudinal and transverse polarized SPPs were excited, parallel excitation was more efficient.
The histogram in Figure 2D summarizes the SPP propagation distances obtained for 27 independent BlIPP measurements on gold NWs. The average propagation distance was 1.8 ( 0.4 µm. The width of the distribution can be attributed to several factors including the variation in NW diameters (Supporting Information) and tip shape as well as differences in surface roughness which influence the confinement and damping of the SPP modes. 4, 9 In addition, the MEH-PPV film thickness and homogeneity including locally varying polymer chain conformations could cause changes in the MEH-PPV photobleaching rate and hence affect the fitted SPP propagation distances.
To further verify our experimental results we performed finite difference time domain (FDTD) simulations, the results of which are shown in Figure 3 . A Gaussian excitation beam with parallel ( Figure 3A ) and perpendicular ( Figure 3B ) polarization coupled to several SPP modes at the left NW tip. The initial decay of the electric field intensity was due to a superposition of mostly localized and higher order multipolar surface plasmons. At 1 µm from the NW tip, the dominant SPP with a propagation distance of 1.1 µm was the m ) 2 mode as identified by cross sectional views of the surface charge distribution. In agreement with experiment, this quadrupole SPP mode could be excited with parallel and perpendicular polarization, slightly favoring parallel excitation as seen by the larger amplitude. A weaker m ) 1 SPP mode with an even longer propagation distance of ∼4 µm was also supported by this NW. The length of the simulated NW was chosen to be 10 µm in Figure 3 to clearly identify the m ) 1 mode. However, the results for a 6 µm long NW were similar (Supporting Information). While the m ) 2 SPP is the dominant mode, the m ) 1 mode also contributed to the measured averaged propagation distance of 1.8 µm. In particular, the relative amplitudes of these two modes depend critically on the NW diameter as well as the shape of the NW tip. 4 The latter strongly determines the coupling efficiency of the laser light to different SPP modes. FDTD simulations for different gold NW diameters (Supporting Information) furthermore showed that the m ) 1 SPP mode starts to dominate for thinner NWs as the m ) 2 mode could no longer be supported. Interestingly, the fundamental m ) 0 mode was always strongly localized at the NW tip with a large damping yielding submicrometer propagation distances independent of NW diameter.
Because the FDTD simulations treated the MEH-PPV film as a simple dielectric, the interactions between NW plasmons and MEH-PPV excitons were entirely neglected. Hence, possible gain due to conversion of excitons back into plasmons along the NW effectively increasing the SPP propagation distance were not taken into account and could also explain the longer SPP propagation distance in the BlIPP studies. However, the good agreement between the FDTD calculations and the experimental and modeled photobleach intensity line sections for all NWs including time dependent BlIPP measurements on the same NWs suggests that gain, if at all, was only a minor contributor to the measured SPP propagation distance. A laser power dependence on the fluorescence spectra also showed no spectral narrowing indicative of stimulated emission and gain (Supporting Information). 27 In summary, we report a new method, BlIPP, by which it is possible to visualize SPP propagation in the far-field via plasmon-exciton coupling mediated photobleaching of an organic chromophore coated on top of a plasmonic waveguide. BlIPP creates a permanent record of the spatial intensity profile of the SPP near-field, particularly suited to read out short SPP propagation distances without the interference by a much stronger signal from the excitation source. We applied BlIPP to visualize SPPs in chemically prepared highly crystalline 6.1 µm × 400 nm gold NWs. Even for a wavelength of 532 nm, where interband absorption losses are significant in gold, we found a propagation distance of 1.8 ( 0.4 µm. These results are in very good agreement with FDTD simulations and the analysis of the surface charge distribution revealed that the main SPP is a quadrupole mode that can only be supported by these thicker NWs. We expect that the simplicity of the BlIPP method, and its utility in investigating even strongly damped SPPs, will make it a useful mechanism to determine SPP propagation distances in a wide range of plasmonic materials.
